Isolation of hepatic progenitor cells is a promising approach for cell replacement therapy of chronic liver disease. The winged helix transcription factor Foxl1 is a marker for progenitor cells and their descendants in the mouse liver in vivo. Here, we purify progenitor cells from Foxl1-Cre; RosaYFP mice and evaluate their proliferative and differentiation potential in vitro. Treatment of Foxl1-Cre; RosaYFP mice with a 3,5-diethoxycarbonyl-1, 4-dihydrocollidine diet led to an increase of the percentage of YFP-labeled Foxl1 + cells. Clonogenic assays demonstrated that up to 3.6% of Foxl1 + cells had proliferative potential. Foxl1 + cells differentiated into cholangiocytes and hepatocytes in vitro, depending on the culture condition employed. Microarray analyses indicated that Foxl1 + cells express stem cell markers such as Prom1 as well as differentiation markers such as Ck19 and Hnf4a. Thus, the Foxl1-Cre; RosaYFP model allows for easy isolation of adult hepatic progenitor cells that can be expanded and differentiated in culture.
Isolation of hepatic progenitor cells is a promising approach for cell replacement therapy of chronic liver disease. The winged helix transcription factor Foxl1 is a marker for progenitor cells and their descendants in the mouse liver in vivo. Here, we purify progenitor cells from Foxl1-Cre; RosaYFP mice and evaluate their proliferative and differentiation potential in vitro. Treatment of Foxl1-Cre; RosaYFP mice with a 3,5-diethoxycarbonyl-1, 4-dihydrocollidine diet led to an increase of the percentage of YFP-labeled Foxl1
+ cells. Clonogenic assays demonstrated that up to 3.6% of Foxl1 + cells had proliferative potential. Foxl1 + cells differentiated into cholangiocytes and hepatocytes in vitro, depending on the culture condition employed. Microarray analyses indicated that Foxl1 + cells express stem cell markers such as Prom1 as well as differentiation markers such as Ck19 and Hnf4a. Thus, the Foxl1-Cre; RosaYFP model allows for easy isolation of adult hepatic progenitor cells that can be expanded and differentiated in culture.
[Keywords: Foxl1; liver; progenitor cells; bilineage; Sox9] Supplemental material is available for this article. Received January 3, 2011; revised version accepted March 31, 2011. Chronic liver disease is a major health problem throughout the world. In 2007, 29,165 deaths were attributed to chronic liver disease in the United States alone (Xu et al. 2009 ). Although the liver possesses a remarkable regenerative capability and is able to reconstitute its parenchyma following an acute injury, this proliferative potential is impaired following chronic damage (Bird et al. 2008) . Organ transplantation is the primary treatment for end-stage liver diseases but is limited by the lack of donor organs. Therefore, cell replacement therapy using bipotential hepatic progenitor cells has been proposed as an alternative way to treat the large number of patients. Hepatic progenitor cells are highly proliferative cells that are capable of differentiating into cholangiocytes and hepatocytes. For cell replacement therapy, it is critical to isolate hepatic progenitor cells, expand them in culture, and characterize their biology. However, these efforts have been hindered due to the lack of specific markers allowing for easy isolation of these cells.
We reported previously that, while Foxl1-expressing cells are undetectable in the healthy liver, Foxl1 expression is dramatically induced in the liver after bile duct ligation or in mice fed a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-containing diet. Foxl1-Cre-expressing cells appeared within the periportal region where the ductular reaction occurs. Previously (Sackett et al. 2009b) , we had employed Foxl1-Cre; Rosa26R lacZ mice for genetic lineage tracing of Foxl1-expressing cells and their descendants in vivo. The number of CK19-expressing cells (cholangiocytes) and HNF4a-expressing cells (hepatocytes) that were colabeled with b-gal increased over time. However, it remained unclear whether a single Foxl1-Cre-positive cell can differentiate into two different lineages, or whether separate populations of Foxl1-expressing cells contributed to each lineage. Therefore, we investigated whether Foxl1-expressing cells have clonogenic potential with bipotential differentiation capabilities in vitro using the new Foxl1-Cre; RosaYFP model.
Results
Labeling of the Foxl1-Cre lineage in RosaYFP mice fed a DDC diet
We previously used the Rosa26R lacZ reporter for lineage tracing of Foxl1-expressing cells in vivo. However, this model cannot be adapted easily for isolating viable cells using flow cytometry. Therefore, we crossed the Foxl1-Cre line (Sackett et al. 2007 ) to Rosa26-YFP reporter mice (Srinivas et al. 2001) in which the yellow fluorescent protein (YFP) is expressed only after Cre-mediated excision of a loxP-flanked stop codon. In order to induce liver injury and Foxl1 expression, Foxl1-Cre; RosaYFP mice were fed a DDC-supplemented diet. DDC inhibits protoheme ferro-lyase activity, resulting in accumulation of protoporphyrin in hepatocytes, eventually leading to a ductular reaction and cholangitis (Tephly et al. 1979; Fickert et al. 2007) . Treatment with DDC has been reported to induce proliferation of bipotent progenitor cells ). When Foxl1-Cre; RosaYFP mice were fed a DDC diet for 14 d, multiple cells in the portal triad were labeled by the Foxl1-Cre transgene in this model (Fig. 1) .
Isolation of Foxl1-Cre-expressing cells from nonparenchymal cells
To determine the number of YFP + cells that were induced in response to the DDC diet, we performed fluorescenceactivated flow cytometry cell sorting (FACS) analysis using nonparenchymal cells that were stained with an antibody against hematopoietic marker CD45 for countersorting of hematopoietic cells. The YFP + cell number increased after treatment with the DDC diet, while there were no detectable YFP + cells in the liver of mice fed a chow diet, consistent with prior studies on Foxl1 expression in vivo ( Fig. 2A,B ; Sackett et al. 2009b) . To determine whether Foxl1-Cre efficiently labeled Foxl1-expressing cells, we sorted YFP + and YFP À cells and measured mRNA levels of Foxl1 using quantitative PCR. As shown in Figure 3A Figure 3C , YFP + cells were able to generate colonies derived from a single cell. These cells retained their proliferative capability after 15 passages. The clonogenic potential of YFP + cells was dramatically higher than that of YFP À nonparenchymal cells (Fig. 3B) , and reached up to 3.6% of the plated cells in some experiments.
Foxl1
+ cells possess bilineage potential
We reported previously that Foxl1-Cre-marked cells differentiate into both cholangiocytes and hepatocytes in vivo (Sackett et al. 2009b ). However, these in vivo experiments could not establish whether a single Foxl1-Cre + cell could give rise to both lineages. To determine whether a single Foxl1-Cre + cell is bipotential, we used clonal cell lines derived from individual cells for in vitro differentiation experiments. Morphogenesis is a key step of bile duct development (Tanimizu et al. 2007) . A number of reports have used culturing in type I collagen gels to induce cholangiocytic characteristics (i.e., formation of tube-like branched structures) as the assay for cholangiocyte differentiation (Tanimizu et al. 2007; Kamiya et al. 2009 ). When clones obtained from sorted YFP + cells were cultured in type I collagen gels supplemented with tumor necrosis factor a (TNFa), cells developed extensive branching morphology changes (Fig.  4A,F) . These duct-like cells were positive for CK19, as expected for cholangiocytes (Fig. 4B ). These data indicate that Foxl1-Cre + cells can be differentiated along the cholangiocyte lineage in vitro.
To prove that Foxl1-Cre + cells are bipotential, we used eight clones that were able to exhibit cholangiocytic differentiation in collagen gel for hepatocyte differentiation experiments. When induced by culture in a medium supplemented with Matrigel and oncostatin M, cells from seven cell lines activated expression of glucose-6-phosphatase (G6pc) and tyrosine aminotransferase (Tat), enzymes expressed only in mature hepatocytes (Fig. 4E,F) . To test whether cells differentiated into hepatocytes possess functional properties of mature hepatocytes, we performed Periodic acid-Schiff staining to detect glycogen deposition. Glycogen deposition was detected in cells differentiated into hepatocytes (Fig. 4D) but not in untreated cells (Fig. 4C) .
Next, we compared the gene expression profile of Foxl1-Cre + cells differentiated in vitro with the gene expression profile of primary hepatocytes and cholangiocytes. As shown in Supplemental Figure S1 , in vitro differentiated hepatocytes clustered with primary hepatocytes, indicative of successful in vitro differentiation. Primary cholangiocytes and in vitro differentiated cholangiocytes clustered separately from hepatocytes, as expected, but in vitro differentiated cholangiocytes were closer to undifferentiated cells than primary cholangiocytes on the heat map. When we analyzed the expression profile using an MvA plot (M = ratio; A = average Foxl1-Cre marks hepatic progenitor cells intensity), in vitro differentiated cholangiocytes expressed Krt19, Krt7, Onecut2, and isoforms of g glutamyltasferases (Ggt1, Ggt6, and Ggt7), the levels of which were comparable with primary cholangiocytes (Supplemental Fig. S2 ). These results imply that the gene expression profile of in vitro differentiated cholangiocytes shifted toward that of primary cholangiocytes, but in vitro differentiation of cholangiocytes was incomplete. Taken together, our results indicate that Foxl1-Cre + cells are able to differentiate into both hepatic epithelial lineages.
Foxl1-Cre
+ cells express markers of hepatic progenitors
Numerous markers of hepatic progenitor cells have been identified, but none of these markers are completely specific for the progenitor compartment (Bird et al. 2008) . To determine whether Foxl1-Cre + cells express these markers, Foxl1-Cre; RosaYFP mice were fed a DDC diet for 3, 7, and 14 d, and YFP + and YFP À were isolated from total nonparenchymal cells that are negative for CD45. Total nonparenchymal cells from chow-fed mice were used as controls. Previous work from our laboratory indicated that Foxl1 marks not only hepatic progenitors, but also their descendants (Sackett et al. 2009b ). Therefore, the YFP-labeled cells represent a mixture of progenitor cells and differentiated cells. Our prediction was that mRNA levels of progenitor markers would decrease over time with a corresponding increase in mRNA levels of differentiation markers. To determine whether Foxl1-Cre + cells express progenitor cell markers and whether these markers decrease with prolonged differentiation, Foxl1-Cre; RosaYFP mice were fed a DDC diet for 3, 7, and 14 d, and YFP + and YFP À were isolated from total nonparenchymal cells that are negative for CD45. Total nonparenchymal cells from chow-fed mice were used as controls.
However, as shown in Figure 5 , mRNA levels of progenitor markers Epcam (Tacstd1), Prom1, Cd44, and Trop2 (Tacstd2) were highly enriched in YFP + cells from day 3 and/or day 7 and continued to be expressed on day 14, suggesting that the injured liver continues to generate more progenitor cells as long as the mice are fed DDC (Bird et al. 2008; Kamiya et al. 2009; Okabe et al. 2009; Rountree et al. 2009 ). Other markers of the progenitor compartment-such as Cldn3, Ncam1, Dlk1, and Onecut2-are enriched in the YFP + population only at day 14, indicating that previously reported markers can be classified to early markers and later markers (Schmelzer et al. 2006; Snykers et al. 2009; Tanaka et al. 2009 ). In addition, YFP + cells were enriched for cholangiocyte markers Ck19 (Krt19), Ck7 (Krt7), Onecut1, and Hnf1b, as well as hepatocyte markers Hnf4a, Hnf1a, and Prox1 (Dudas et al. 2006; data not shown (Seymour et al. 2007) .
In order to compare the gene expression profiles of YFP + cells from different time points, we performed functional analysis of genes that showed differential expression between day 0 nonparenchymal cells and YFP + cells at DDC days 3 and 14 (Supplemental Fig. S3A ). YFP + cells from day 3 were enriched for the genes involved in cellular growth and proliferation, function, and maintenance. On the other hand, YFP + cells from day 14 were enriched for the genes involved in lipid metabolism, molecular transport, and small molecule biochemistry. These data confirm that the YFP + fraction from day 14 is more enriched for differentiated cells compared with day 3. In addition, YFP + cells from DDC 3 and 14 d are enriched for genes involved in cellular movement and cell-to-cell interaction, implying a putative involvement of cell migration in progenitor function.
Microarray analyses demonstrated that 8817 genes are differentially expressed in YFP + and YFP À cells compared with day 0 nonparenchymal cells (Supplemental Fig.  S3C ). We grouped these 8817 genes into 10 clusters based on centroid-based cluster analysis (Supplemental Fig.  S3B ). Two-thousand-fifty genes that were grouped into cluster 3 were enriched in YFP + cells but not YFP À cells. Functional analysis indicated that these genes were involved in development, but also in cell junction, cell adhesion, and cytoskeleton (Supplemental Fig. S3D ). These data imply that cell-to-cell interaction might play an important role in progenitor cell function.
Foxl1
+ progenitors are a subset of Sox9 + progenitors
In an accompanying study in this issue of Genes & Development, Dorrell et al. (2011) employ a set of cell surface markers to sort a related population of adult progenitor cells from the livers of DDC-treated mice. These cells were further shown to be enriched for expression of the transcription factor Sox9, expression of which we also found to be activated in our Foxl1-Cre, YFP + cells (Fig. 5) 
Of the Sox9
+ cells in the ductal area, 51% 6 7% were positive for YFP. The immunofluoresence staining also indicates that there are varying levels of Sox9 protein in different liver cells. Thus, the increase in Sox9 expression we see from day 3 to day 14 of DDC treatment (Fig. 5) is likely the result of higher Sox9 expression within the Foxl1-Cre-marked lineage.
Discussion
The mammalian genome encodes >40 forkhead box transcription factors. These proteins have been shown to regulate important biological functions such as control of the cell cycle, differentiation of epithelia, placental development, and formation of the inner ear (Hannenhalli and Kaestner 2009 ). In the liver, the Foxa, Foxl1, Foxm1, and Foxo genes have been shown to control both formation and function of the liver (Le Lay and Kaestner 2010). Foxl1 was originally identified as a mesenchymal marker in the stomach and intestine, and its expression is not detected in healthy adult and fetal livers (Kaestner et al. 1996; Sackett et al. 2009b ). Previously, we demonstrated that Foxl1 marks highly proliferating cells that give rise to CK19
+ cells and HNF4a + cells in an injured liver in vivo (Sackett et al. 2009b ). Here we show that Foxl1-Cre; YFP + cells are self-renewable and bipotential in vitro. Foxl1-Cre; YFP + cells were highly enriched for Foxl1 mRNA, and high expression levels of Foxl1 were retained in the clonal cell lines established from YFP + cells. The fact that Foxl1 mRNA levels were lower in cells differentiated into hepatocytes than in undifferentiated cells implies that Foxl1 might play a role in maintaining the stemness of progenitor cells (Supplemental Fig. S4 ). However, cells transfected with shRNAs against Foxl1 expressed lower levels of G6pc mRNA when stimulated for differentiation compared with control cells, suggesting that Foxl1 might be also required for differentiation. We reported previously that livers of Foxl1-null mice exhibit an increase in necrosis following bile duct ligation (Sackett et al. 2009a) . Additional experiments using Foxl1-null mice will be required to determine the role of Foxl1 in the function of the progenitor compartment. According to the microarray analyses, mRNAs for other forkhead box genes such as Foxa1, Foxa2, Foxb2, Foxe1, Foxe3, Foxj1, Foxn4, and Foxp4 were enriched in YFP + cells but not YFP À cells, implying that the forkhead box gene family might play important roles during liver repair.
Microarray analysis indicated that Foxl1-Cre; YFP + cells were enriched for progenitor markers but not for Sox2, Nanog, and Klf4 (data not shown), suggesting that these cells are tissue-committed progenitor cells. It has been proposed that stem cells that reside in the liver generate progenitor cells (Bird et al. 2008) . Other groups have proposed that progenitor cells originate from the bone marrow (Matthews and Yeoh 2005) . The fact that the earliest Foxl1-Cre; YFP + expression in the injured liver occurs in CK19
+ cholangiocytes (Sackett et al. Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from 2009b), and that primary cholangiocytes express progenitor markers (Supplemental Fig. S2 ), suggests but does not prove that the Foxl1-marked progenitor is a liver-resident cell. Interestingly, Foxl1-Cre; YFP + cells express Pdx1 and Sox9, which is consistent with the common embryonic origin of the pancreas and liver from endoderm. In summary, our findings demonstrated that Foxl1-Cre is a useful marker to isolate and characterize hepatic progenitor cells, suggesting a broader application of this lineage-tracing approach.
Materials and methods

Materials
Nicotinamide and dexamethasone were purchased from Sigma. Hepatocyte growth factor, epidermal growth factor, and TNFa were from Peprotech. Matrigel, allophycocyanin-conjugated anti-CD45, and collagen-I-coated plates were from BD Biosciences. All other materials and reagents were from Invitrogen unless specified.
Mice
For lineage-tracing studies, Foxl1-Cre mice (Sackett et al. 2007) were crossed to Rosa26R YFP reporter mice (Srinivas et al. 2001) and fed a diet containing 0.1% DDC (Harlan Teklad, TD.07762) for 3, 7, or 14 d. Foxl1-Cre-negative mice fed a DDC diet or Foxl1-Cre mice fed a chow diet were used as controls. Animals (6-10 wk old) were anesthetized with 2.5% vol/vol vaporized isoflurane. All protocols were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Immunofluorescence staining
At times of sacrifice, livers were rinsed in phosphate-buffered saline (PBS) and placed in 4% paraformaldehyde for 45 min, rinsed in PBS, and cryoprotected in 10%, 20%, and 30% sucrose/ PBS overnight at 4°C. Frozen sections were warmed to room temperature for 3 min, rinsed in PBS, and blocked with PBS/ 0.25% Trion X-100/3% donkey serum for 1 h at room temperature. For staining of YFP, sections were incubated with an anti-GFP rabbit antibody (Abcam) overnight at 4°C. Sections were rinsed in PBS and incubated with Cy3-conjugated donkey antirabbit immunoglobulin G (Jackson ImmunoResearch Laboratories). Sections were washed twice in PBS for 5 min, in 49, 6-diamidino-2-phenylindole (Invitrogen) for 5 min, and in ddH 2 O twice for 5 min, and were mounted with fluorescent mounting media. For costaining of Sox9 and YFP, livers were rinsed in PBS and placed in 4% paraformaldehyde overnight, rinsed in PBS, and embedded in paraffin. An antigen retriever (2100 Retriever, PickCell Laboratories) was used to pretreat deparaffinized sections on slides. Sections were stained with an anti-GFP goat antibody (Abcam) and an anti-Sox9 rabbit antibody (Millipore).
Isolation of YFP
+ cells using a FACS sorter
Isolation of nonparenchymal cells from livers was performed according to the two-step collagenase digestion ). Briefly, the liver of a Foxl1-Cre; RosaYFP mouse was perfused with liver perfusion medium and liver digestion medium (Invitrogen). The digested liver was further dissociated by incubating in 0.25% collagenase solution for 30 min at 37°C. The large hepatocyte fraction was removed from nonparenchymal cells by low-speed sedimentation (50g for 2 min). Nonparenchymal cells were collected (300g for 5 min) and resuspended in serum-free medium (Kubota and Reid 2000) . Cells were incubated with APC-conjugated anti-CD45 for 20 min and washed several times in PBS with 2% fetal bovine serum. FACSCalibur and FACSDiva (BD Biosciences) were used for analysis and sorting. Forward scatter and side scatter were used to exclude debris and cell doublets. Dead cells were stained using 7-aminoactinomycin D or 49,6-diamidino-2-phenylindole. YFP + and YFP À fractions were sorted from viable nonparenchymal cells that were negative for CD45.
Clonogenic assay and establishment of clones
Conditioned medium was derived from embryonic day 14.5 (E14.5) liver cells ) and mixed with the same volume of hepatic colony-forming medium (Dulbecco's modified Eagle medium/F-12, 10% fetal bovine serum, insulin-transferrin-selenium-X, 10 mmol/L nicotinamide, 10 À7 mol/L dexamethasone, 2.5 mmol/L HEPES, penicillin/streptomycin/l-glutamine). Hepatocyte growth factor (40 ng/mL), epidermal growth factor (20 ng/mL), and Y-27632 (20 mM) (EMD4Biosciences) were also added. YFP + and YFP À cells were sorted as single-cell suspension, resuspended in the medium described above, plated at a low density (1000 cells per collagen-I-coated 35-mm dish) to avoid clustering of cells, and cultured for 7 d. Each colony was defined as a cluster with at least 20 cells. Each colony was picked and transferred into a collagen-I-coated 96-well plate. The expanded cells were transferred into collagen-I-coated 24-well plates and six-well plates. Eight clones (each derived from a single cell) were used for in vitro differentiation experiments.
Induction of cholangiocyte and hepatocyte differentiation
For induction of cholangiocyte differentiation, 10,000 cells were suspended in 0.5 mL of DMEM/F12 mixed with 0.5 mL of type I collagen gel solution (Nitta Gelatin). This mixture was added onto a 24-well plate. After 30 min of incubation at 37°C, 1 mL of medium (Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, insulin-transferrin-selenium X, 20 ng/mL hepatocyte growth factor, 50 ng/mL TNFa) was added on top. The culture continued for 21 d ). For induction of hepatocyte differentiation, cells were grown to confluence, washed with PBS twice, and cultured in medium supplemented with 20% Matrigel, 40 ng/mL oncostatin M (R&D Systems), 20 ng/mL hepatocyte growth factor, 10 ng/mL fibroblast growth factor 4 (R&D Systems), and 10 À7 mol/L dexamethasone for 7 d (Schwartz et al. 2002; Kamiya et al. 2009 ).
Isolation of primary cholangiocytes and hepatocytes
Primary cholangiocytes were isolated from the liver of a Alfp-Cre 3 RosaYFP mouse and a BALB/c mouse as described previously (Chu et al. 2011) . For hepatocyte isolation, the liver of a Foxl1-Cre; RosaYFP mouse was perfused with liver perfusion medium and liver digestion medium (Invitrogen). Digested cells were centrifuged at 80g for 3 min in 25% Percoll (GE Healthcare). Dead cells were removed from hepatocytes by aspirating the supernatant.
RNAi for knockdown of Foxl1
YFP
+ cells cultured on a collagen-I-coated 35-mm dish were transfected with green fluorescence protein (GFP)-labeled shRNA plasmids. Two micrograms of plasmid expressing nonsilencing shRNA control and two different shRNA constructs targeting Foxl1 (shRNA1 and shRNA2) (Open Biosystems) were mixed with 10 mL of Arrest-In and added to each well. GFP fluorescence from transfected cells was higher than YFP fluorescence from untransfected cells. Therefore, transfected cells were sorted for GFP using FACS from undifferentiated cells or cells differentiated into hepatocytes for 3 d and snap-frozen for subsequent gene expression analysis.
Periodic acid-Schiff's staining Glycogen was stained using Periodic acid-Schiff staining system (Sigma). Cells grown on chamber slides were fixed with 4% PFA for 30 min and washed with PBS twice. Next, slides were incubated in Periodic acid solution for 5 min and rinsed with several changes of distilled water. Slides were incubated in Schiff's reagent for 15 min, washed in running tap water for 5 min, dehydrated, and mounted with xylene-based mounting medium.
RNA isolation and quantitative real-time PCR
Total RNA was extracted from liver samples and sorted cells using Trizol and RNeasy minikit (Qiagen) according to the manufacturer's instructions. Liver RNA was reverse-transcribed using oligo dT priming and SuperScript II reverse transcriptase. PCR reactions were performed using SYBR Green QPCR Master Mix (Agilent Technologies) on an Mx3000 PCR cycler (Agilent Technologies). Reactions were performed in triplicate with reference dye normalization, and median CT values were used in the analyses. Primer sequences for Foxl1, Tbp, Tat, and G6pc are as described previously Sackett et al. 2009b ).
Microarray expression profiling
Total RNA from each sample was used for labeling and hybridization. For comparison between primary YFP + and YFP À cells, cDNA was prepared using the WT-Ovation Pico Amplification System (NuGEN Technologies). Amplified cDNA was directly labeled using the BioPrime Array CGH Genomic Labeling System with Cy3-labeled nucleotides (GE Amersham Biosciences). RNAs from all of the other samples were amplified and labeled using Low-Input Quick Amp labeling kits (Agilent Technologies). Labeled samples were hybridized overnight to the Agilent 4X44 Whole Mouse Genome Array. Arrays were washed and then scanned with the model G2565B Agilent DNA microarray scanner (Agilent Technologies). Median intensities of each element on the array were captured with Agilent Feature Extraction version 9.53 (Agilent Technologies). Quality control diagnostic plots were prepared for each array, and those failing to exhibit high-quality hybridizations were excluded from further analysis, resulting in the final data set containing four biological replicates for each condition. The subsequent analysis was performed as shown previously (Rieck et al. 2009 ). Gene functional classification was performed on differentially expressed genes with >1.5-fold, using Ingenuity Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com) and DAVID Bioinformatics resources (National Institutes of Health) (Dennis et al. 2003; Huang et al. 2009 ). The clustering analysis was performed using TIGR Multiexperiment Viewer software (MeV; The Institute for Genomic Research) (Saeed et al. 2003; Saeed et al. 2006 ). All expression data were deposited into Gene Expression Omnibus (accession no. GSE28892).
Hierarchical clustering of samples and genes
Using the microarray data, a gene list was assembled from the intersection of genes differentially expressed in one or more of these data sets: (1) untreated YFP + cells from four clonal cell lines, (2) YFP + cells from four clonal cell lines differentiated into hepatocytes, (3) YFP + cells from three clonal cell lines differentiated into cholangiocytes, (4) primary hepatocytes from four Foxl1-Cre; RosaYFP mice, and (5) primary cholangiocytes from one Alfp-Cre 3 RosaYFP mouse (Chu et al. 2011 ) and three BALB/c mice (pooled). Three-hundred-ninety-nine genes that match the following criteria were used for analysis: (1) enriched in undifferentiated cells in at least two comparisons, (2) enriched in differentiated hepatocytes and primary hepatocytes compared with undifferentiated cells, (3) enriched in differentiated cholangiocytes and primary cholangiocytes compared with undifferentiated cells, and (4) fold change of $5 and false discovery rate (FDR) # 1. TIGR MeV (Saeed et al. 2003; Saeed et al. 2006 ) was used to view the expression image or heat map and to cluster the samples and genes.
Statistical analysis
Student's t-tests with equal variance and two-tailed distribution were used to determine the significance of differences between two groups (Excel statistical analysis software). A P-value of 0.05 was considered statistically significant.
